Adapters are small molecules composed primarily of protein-protein interaction domains that play a major role in signal transduction by bringing together multiple components of signaling cascades. Many consist entirely of Src homology 2 (SH2) and SH3 domains, which interact with phosphotyrosine residues and proline-rich regions, respectively (27) , while others contain additional regions such as phosphotyrosine binding domains (47). One paradigm for adapter function comes from studies of growth factor receptors which become phosphorylated on tyrosine following stimulation. The SH2 or phosphotyrosine binding domain of the adapter binds to phosphotyrosine residues on the receptor, and the SH3 domains mediate interactions with downstream effectors (10) . An essential concept in this paradigm is that regulation of the pathway occurs at the level of receptor phosphorylation, which serves as the SH2 or phosphotyrosine binding site for the adapter, rather than at the level of the adapter.
The normal regulation of these signaling cascades can be subverted in cancer cells. One example is the Bcr-Abl tyrosine kinase, which causes chronic myelogenous leukemia (CML) (18) . Bcr-Abl is constitutively phosphorylated on many tyrosine residues, one of which binds the SH2 domain of the Grb2 adapter molecule (29) . The SH3 domains of Grb2 interact with the guanine nucleotide exchange factor SOS, which activates Ras (7). Bcr-Abl mutants which disrupt the interaction with Grb2 show defects in signal transduction in certain model systems (29) , suggesting that adapters play a crucial role in the leukemic phenotype. A search for Bcr-Abl substrates led to the isolation of another adapter named Crkl, which binds to Bcr-Abl and is among the most prominent tyrosine-phosphorylated proteins in CML cells (14, 23, 25, 44) . Crkl belongs to the Crk family of adapters and contains a single SH2 domain and two SH3 domains. In addition to its role in CML, Crkl is implicated in signal transduction by integrins, B-and T-cell receptors, and cytokines such as erythropoietin, interleukin-3, stem cell factor, and thrombopoietin (2, 24, 30, 35, 36, 41) . In these examples Crkl is part of a multiprotein complex which forms following receptor activation.
While these biochemical studies suggest a role in signal transduction, the precise function of Crkl in these pathways has not been defined. In the case of Bcr-Abl, deletion of the Crkl binding site results in decreased transformation, similar to mutation of the Grb2 binding site. When both deletions are combined in the same molecule, transformation is completely impaired, indicating that Crkl and Grb2 have distinct but complementary functions (40) . A comparison of the proteins which bind to Crkl with those that bind to other adapters such as Grb2 and Shc also indicates important differences. For example, the SH2 domain of Crkl binds a set of tyrosine-phosphorylated proteins localized to focal adhesions, such as Cas and paxillin, that are not implicated in Grb2 signal transduction (33, 34) . In addition, Crkl is tyrosine phosphorylated by BcrAbl in CML cells (14, 23, 25, 44) . This raises the possibility that, in contrast to the case for Grb2, phosphorylation of Crkl is a mechanism of adapter regulation. Indeed, phosphorylation of a C-terminal tyrosine residue in the Crkl homolog c-Crk initiates an intramolecular interaction with its own SH2 domain, thereby creating a folded (and presumably inactive) molecule (32) . Taken together, these observations demonstrate that Crkl and Grb2 are regulated differently and have nonoverlapping functions.
In an effort to further our understanding of Crkl function and regulation, we have examined the effects of Crkl overexpression in fibroblasts and hematopoietic cells and investigated the structural requirements for Crkl activity. Whereas overexpression of Crkl in fibroblasts causes transformation (40) , the primary effect in murine hematopoietic cell lines is enhanced adhesion to fibronectin. We find that mutation of any single SH2 or SH3 domain leads to complete loss of activity in both fibroblasts and hematopoietic cells. The fact that the C-terminal SH3 domain is necessary for Crkl bioactivity distinguishes Crkl from c-Crk proteins, since the homologous domain in c-Crk has an inhibitory function (21, 26) . Because constitutive phosphorylation of Crkl is associated with CML, we also examined the effects of phosphorylation on Crkl activity. In vivo and in vitro phosphopeptide mapping data demonstrate that Crkl is phosphorylated on multiple sites when overexpressed or in cells expressing Bcr-Abl. Mutation of tyrosine 207, the primary site for phosphorylation by Bcr-Abl (9), leads to loss of all in vivo Crkl tyrosine phosphorylation yet potentiates binding of Crkl to phosphotyrosine-containing SH2 binding proteins such as paxillin. In addition, loss of Crkl tyrosine phosphorylation appears to enhance signal transduction through Jun kinase (JNK). The same mutation also increases the transforming activity of Crkl in fibroblasts, indicating that Crkl is negatively regulated by phosphorylation at Y207.
Phosphopeptide mapping. In vivo two-dimensional phosphopeptide mapping was performed as follows. 293T cells were transfected with Crkl or Bcr-Abl p210 plasmids, and cells were phosphate labeled overnight with 1 mCi of orthophosphate per ml. Cells were lysed in lysis buffer and immunoprecipitated as described above. Immunoprecipitates were separated by SDS-15% PAGE and transferred to nitrocellulose. Filters were exposed to film, and bands were excised from the nitrocellulose. Trypsin digestion and two-dimensional phosphopeptide mapping were performed as described previously (6) . In vitro two-dimensional peptide mapping was performed as follows. One microgram of purified Crkl was incubated with 5 l of baculovirus-produced full-length Bcr-Abl p210 or Bcr-Abl kinase domain in buffer containing 50 mM Tris (pH 7.5), 1 mM dithiothreitol, and 10 mM MnCl 2 . The kinase reaction proceded at 30°C for 30 min. Proteins were separated by SDS-15% PAGE and transferred to nitrocellulose. Filters were exposed to film, and bands were excised. Proteins were digested with trypsin, and two-dimensional mapping was performed as described previously (6) . Bcr-Abl p210 baculovirus was produced as described previously (4) . The Abl kinase domain was purified by lysing Sf9 cells in NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 20 mM Tris [pH 8.0], 10% glycerol) containing 1 mM phenylmethylsulfonyl fluoride, 10 g of aprotinin per ml, and 1 mM Na 3 VO 4 . Lysates were bound to Ni-Sepharose for 6 h to overnight in a batch culture. Beads were spun and washed in 800 mM NaCl-20 mM Tris (pH 6.5)-1% NP-40-10 mM imidizole and loaded onto a column. Protein was eluted with 800 mM NaCl-20 mM Tris (pH 5.3)-1% NP-40-500 mM imidizole. Fractions were analyzed by Coomassie blue staining of SDS-polyacrylamide gels. Peak fractions were pooled and dialyzed against Tris-buffered saline.
Adhesion assays. FL5.12 cell lines stably expressing the control vector, wildtype Crkl, or the ⌬SH2, W160L, Y207F, or W275L mutant were created by retroviral infection and selection in antibiotic. Six-centimeter-diameter gridded tissue culture dishes (Nunc) were coated with 10 g of fibronectin or phosphatebuffered saline, and 10 5 cells were plated and allowed to adhere for 30 min at 37°C. Ten random squares were counted per plate, and the cell number per square millimeter was determined. RGD peptides (Gibco) were added at 0.5 mg/ml.
RESULTS
Crkl increases hematopoietic cell adhesion. Previous work has shown that overexpression of Crkl transforms fibroblasts, but the effect of Crkl overexpression in hematopoietic cells is unknown. To address this issue, we introduced Crkl by retroviral infection into the cytokine-dependent murine pre-B-cell line FL5.12. As observed previously (40) , overexpression of wild-type Crkl resulted in multiple bands which varied in mobility (Fig. 1A) . Upon examining these Crkl-overexpressing cell cultures, we noted a pronounced increase in the attachment of these normally nonadherent cells to the bottom of the tissue culture dish. Overexpression of Bcr-Abl has been shown to increase adhesion of hematopoietic cells to extracellular matrix proteins such as fibronectin while also increasing the phosphorylation status of focal adhesion proteins such as paxillin and Cas, which can subsequently interact with Crkl (3, 8, 33, 34) . We investigated whether Crkl mediates a similar effect by examining the consequences of Crkl overexpression in a quantitative assay measuring adhesion of hematopoietic cells to fibronectin-coated dishes. In three different murine hematopoietic cell lines (FL5.12, 32D, and BaF3), overexpressed Crkl caused increased adhesion to fibronectin. Results of a representative experiment with FL5.12 cells are shown in Fig. 1B . Adhesion induced by Crkl overexpression was blocked by RGD peptides, which indicates that adhesion is integrin mediated (Fig. 1B) . Overexpression of Bcr-Abl also protects hematopoietic cells from apoptosis in response to cytokine withdrawal and allows growth factor-independent proliferation. We tested the ability of wild-type Crkl overexpression to confer similar properties in FL5.12, BaF3, and 32D cells, but we failed to detect any evidence of antiapoptotic or proliferative effects in the absence of interleukin-3 or granulocyte-macrophage colony-stimulating factor (data not shown). These results indicate that Crkl overexpression increases adhesion to hematopoietic cells similarly to Bcr-Abl but does not protect cells from apoptosis after cytokine withdrawal or allow cytokine-independent growth.
Crkl requires the SH2 domain and both SH3 domains for fibroblast transformation and hematopoietic cell adhesion to fibronectin. To define the regions of Crkl required for biological activity, we performed structure-function studies of Crkl mutants by using fibroblast transformation and hematopoietic cell adhesion as bioassays. Rat-1 fibroblasts were infected with retroviral constructs containing a deletion of the SH2 domain (amino acids 14 to 64) or point mutations in the SH3 domains of Crkl. A single point mutation in the FLVRES motif of the SH2 domain (Arg to Leu) decreased the stability of the protein (data not shown) and could not be utilized to address SH2 function. The N-terminal and C-terminal SH3 domain mutations were single amino acid changes of tryptophan to leucine at positions 160 (W160L) and 275 (W275L), respectively. Analogous mutations in SH3 domains from other proteins have been shown to disrupt interactions with proline-rich binding proteins (43) . Expression of each mutant protein was confirmed by immunoblotting with polyclonal antiserum directed against the C terminus of Crkl (Fig. 2) . Overexpression of wild-type Crkl resulted in multiple bands which varied in mobility due to differences in tyrosine phosphorylation (40) . The Crkl mutant lacking the SH2 domain migrated in SDS-polyacrylamide gels with a molecular mass of about 30 kDa, consistent with the size of the deletion. Point mutations in either the N-terminal (W160L) or C-terminal (W275L) SH3 domain did not alter the size of Crkl except for subtle variations in the banding pattern.
Two days after infection with retrovirus expressing wild-type or mutant Crkl protein, Rat-1 fibroblasts were plated into soft agar to measure anchorage-independent growth. As reported previously, overexpression of wild-type Crkl transformed fibroblasts (Fig. 3A) . In contrast, constructs with a deletion of the SH2 domain (Crkl ⌬SH2) or a point mutation of the N-terminal SH3 domain (Crkl W160L) did not. Analogous results showing loss of function were obtained with hematopoietic cells by using adhesion as an end point (Fig. 3B) . To confirm that the W160L mutation specifically impaired the binding function of the N-terminal SH3 domain, we performed coimmunoprecipitation experiments with the SH3 binding protein c-Abl. As predicted, Crkl W160L failed to bind overexpressed c-Abl in coimmunoprecipitation assays whereas wild-type Crkl did bind c-Abl (Fig. 4 ). In addition, the inability of Crkl to interact with c-Abl would be predicted to affect the phosphorylation state of Crkl. This is apparent when comparing the Crkl banding patterns in lanes 2 and 3 of Fig. 4 (cell lysate) as well as in lanes 5 and 6 of Fig. 4 (Crkl immunoprecipitation). The results from these mutagenesis studies indicate that the SH2 and N-terminal SH3 domains of Crkl must bind to tyrosinephosphorylated proteins as well as proline-rich proteins in order to transform cells. Likely candidates based on binding studies are Cbl, paxillin, Hef1, and Cas for the SH2 domain and C3G, Sos, and c-Abl for the SH3 domain (8, 31, 34, 36, 46) . We examined the role of the C-terminal SH3 domain by creating a point mutation at amino acid 275 (W275L), analogous to the mutation described previously for the N-terminal SH3 domain (W160L). Similar to the case for the SH2 and N-terminal SH3 domain mutants, Crkl W275L was unable to transform fibroblasts (Fig. 3A) or induce adhesion in hematopoietic cells (Fig. 3B) . These results indicate that the C-terminal SH3 domain of Crkl is required for biological activity, whereas the analogous domain in c-Crk II plays an inhibitory role (21, 26) .
Crkl is phosphorylated on multiple tyrosine residues. Activation of Crkl by Bcr-Abl or by cytokines is associated with tyrosine phosphorylation. Crkl contains 12 tyrosine residues, of which 5 correspond to the Y-X-X-P motif preferred by the Abl tyrosine kinase (42) . The complex banding pattern observed when Crkl is overexpressed or phosphorylated by Bcr-Abl suggests that multiple phosphorylation sites are present. To test this possibility we transfected Bcr-Abl p210 into 293T cells and analyzed endogenous Crkl phosphorylation by phosphopeptide mapping. Trypsin digestion produced at least five distinct spots on the two-dimensional map, indicating that Crkl is phosphorylated at multiple sites (Fig. 5A) . Similar results were obtained when Crkl was overexpressed in the absence of Bcr-Abl, although not all spots migrated identically (Fig. 5B) . We also examined this issue in vitro by using recombinant Crkl purified from bacteria and recombinant Bcr-Abl p210 produced in baculovirus (4). The phosphopeptide maps generated by this strategy also showed multiple phosphorylation sites, many of which appeared to migrate similarly to spots observed with the in vivo map (Fig. 5C) . The results confirm that Crkl is phosphorylated at multiple sites and that Bcr-Abl is directly responsible for these phosphorylations. In addition to a tyrosine kinase domain, Bcr-Abl also contains serine kinase activity contributed by Bcr (20) . To examine whether Crkl was phosphorylated by the Abl or Bcr kinase domain, we repeated the in vitro kinase assay with a truncated recombinant protein containing just the Abl kinase domain purified from baculovirus. The resulting map was similar to that obtained with Bcr-Abl p210 (Fig. 5D) . The results indicate that Crkl is tyrosine phosphorylated on multiple residues when overexpressed or when activated by Bcr-Abl.
Mutation of tyrosine 207 activates complex formation with paxillin. Previous research has implicated Crkl Y207 as a tyrosine phosphorylation site for Bcr-Abl (9) . To determine the role of this tyrosine residue in Crkl function, we prepared a retrovirus construct (Crkl Y207F) in which tyrosine 207 was changed to phenylalanine. Immunoblot analysis of Rat-1 cells infected with retrovirus expressing wild-type Crkl or Crkl Y207F showed that the Y207F mutant migrated as a single band with faster mobility than wild-type Crkl (Fig. 6, top) . Since the higher-mobility band shift pattern of wild-type Crkl is due to tyrosine phosphorylation (40, 44, 45) , this result suggested that Crkl Y207F was not phosphorylated on tyrosine. This hypothesis was confirmed by immunoblot analysis of the same lysates with an antiphosphotyrosine antibody. Crkl Y207F failed to incorporate significant levels of phosphotyrosine compared to wild-type Crkl (Fig. 6, bottom) . Therefore, tyrosine 207 is a site for Crkl phosphorylation in vivo and is required for all subsequent phosphorylation events, consistent with results reported previously (9). 
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Since phosphorylation of Crkl is associated with growth stimulation by cytokines and leukemic transformation, we anticipated that mutation of Y207, which abrogates all Crkl phosphorylation, would inhibit Crkl function. One consequence of Crkl phosphorylation by Bcr-Abl is complex formation between the Crkl SH2 domain and phosphotyrosine-containing proteins such as paxillin. These interactions are best visualized by phosphotyrosine immunoblotting studies of endogenous Crkl immunoprecipitates and consistently demonstrate the appearance of prominent phosphotyrosine-containing proteins migrating at 68 to 74 kDa (paxillin) in cells expressing Bcr-Abl but not in parental cells (8, 34) . To determine the effect of the Y207 mutation on the formation of these complexes, we compared wild-type Crkl and Crkl Y207F in a similar assay. Since we had previously shown that wild-type Crkl becomes phosphorylated when overexpressed and activates many of the same signal transduction pathways as Bcr-Abl (40), we reasoned that similar phosphotyrosine-containing complexes might be observed in wild-type Crkl immunoprecipitates. Indeed, overexpression of wild-type Crkl was sufficient to induce complex formation with phosphotyrosine-containing proteins (Fig. 7 , top, compare lanes 1 and 2), similar to results obtained previously in studies of Bcr-Abl. Immunoblot analysis with paxillin antibody confirmed that the 68-to 74-kDa bands are paxillin (Fig. 7, bottom) . Next we examined the binding of Crkl Y207F to phosphotyrosine-containing proteins. Surprisingly, mutation of Y207 did not interfere with the ability of Crkl to form complexes with paxillin. In fact, the intensity of the phosphotyrosine signal was consistently stronger with Crkl Y207F than with wild-type Crkl despite comparable levels of protein expression (Fig. 7, lanes 3) . Therefore, complex formation between the SH2 domain of Crkl and phosphotyrosine-containing proteins such as paxillin is associated with Crkl phosphorylation, but these complexes can occur in the absence of such phosphorylation if Y207 is mutated. These results raise the possibility that phosphorylation of Y207 is a negative regulatory event, since mutation of this site increases complex formation with SH2 binding proteins. Potential explanations include an increase in levels of phosphotyrosine on paxillin in Y207F-expressing cells or a conformational effect of the Y207F mutation on SH2 domain function.
Crkl Y207 activates the stress kinase pathway and transforms fibroblasts more efficiently than wild-type Crkl. The fact that Crkl Y207F forms complexes with paxillin more efficiently than wild-type Crkl suggests that it may be an activated form of Crkl. We tested this possibility by directly comparing wild-type Crkl and Crkl Y207F in two functional assays. Overexpression of wild-type Crkl activates the stress-activated protein kinase/ JNK pathway (40) . To compare their relative activities in this assay, Rat-1 fibroblasts were infected with retrovirus stocks expressing wild-type Crkl, Crkl Y207F, or the empty vector (Neo), and JNK immunoprecipitates were analyzed for kinase activity by using glutathione S-transferase-Jun as the substrate. Immunoblot analysis with Crkl antiserum indicated that cells were expressing comparable amounts of Crkl protein (Fig. 8, bottom) . In two independent experiments, Crkl Y207F activated JNK more efficiently than wild-type Crkl (Fig.  8, top) , consistent with the hypothesis that mutation of Y207 activates Crkl function.
To investigate the effects of the Y207 mutation on Crkl biological activity, cells infected with retrovirus stocks of vector, wild-type Crkl, and Crkl Y207F were examined in the soft-agar colony assay. In four separate experiments with independently derived retrovirus stocks, Crkl Y207F was consistently three to five times more potent at fibroblast transformation than wildtype Crkl (Fig. 9) . To determine whether fibroblast transformation by Y207F Crkl is also mediated through complex formation with other proteins, the same deletions or mutations in the SH2 and N-terminal and C-terminal SH3 domains that abrogated transformation of wild-type Crkl were combined independently with the Y207F mutation. Analogous to the case for wild-type Crkl, the SH2, N-terminal SH3, and C-terminal SH3 domains were required for transformation by Crkl Y207F (Fig. 9) . Taken together, the results showing enhanced complex formation with the SH2 binding proteins, JNK activation, and fibroblast transformation demonstrate that Y207 functions as a negative regulatory phosphorylation site in Crkl.
DISCUSSION
The Crkl adapter protein has been implicated in signal transduction cascades activated by various cytokines and growth factors as well as the Bcr-Abl tyrosine kinase. Identifying the precise role of Crkl in these pathways has been complicated by a lack of assays for Crkl function. We have previously shown that overexpression of Crkl transforms fibroblasts and activates Ras and JNK (40) . Our current data show that the primary consequence of Crkl overexpression in hematopoietic cells is enhanced adhesion to fibronectin. We also show that the SH2 domain and both SH3 domains of Crkl are required for Crkl function in fibroblasts and hematopoietic cell lines. Through phosphopeptide mapping studies, we found that Crkl is phosphorylated at multiple sites and that Crkl activity is regulated by phosphorylation at a tyrosine residue (Y207) targeted by the Bcr-Abl kinase. Although phosphorylation of Crkl by Bcr-Abl is associated with its activation, our data suggest that Y207 is a negative regulatory site.
In fibroblasts overexpression of Crkl induces transformation, similar to Bcr-Abl. In hematopoietic cells Bcr-Abl mediates a number of biological effects, including survival after growth factor withdrawal, cytokine-independent proliferation, and increased adhesion to extracellular matrix proteins (3, 19) . Our results show that overexpression of Crkl in hematopoietic cells results in adhesion but not cytokine-independent growth or survival; therefore, Crkl can recapitulate some but not all of the signals conferred by Bcr-Abl. These data are consistent with the hypothesis that a primary function of Crkl may be to link signals from growth factor receptors and tyrosine kinases such as Bcr-Abl to the cellular machinery responsible for adhesion.
The mechanism by which Crkl induces adhesion is unknown but must depend on enhanced integrin function, since RGD peptides specifically block the Crkl effect. One potential scenario is that Crkl initiates an "inside-out" signal which modifies focal adhesion structures, possibly through interactions with focal adhesion proteins such as paxillin or Cas. Our observations of increased tyrosine phosphorylation of paxillin and increased complex formation with Crkl in fibroblasts and hematopoietic cells overexpressing Crkl or Bcr-Abl are consistent with this hypothesis. Expression of v-Crk, a relative of Crkl, induces structural and morphological alterations in PC12 cells (1) , and c-Crk is implicated in pancreatic carcinoma cell mi- In vitro kinase assays were performed with glutathione S-transferase-Jun (GSTjun) as a substrate. Proteins were separated by SDS-12.5% PAGE and exposed for autoradiography (results are representative of three independent experiments). Phosphorimager analysis indicated that JNK was activated twofold over the Neo control and that Y207F was activated fourfold over Neo. (Bottom panel) 1/10 of the cells from the infection were lysed in 2ϫ sample buffer, and proteins were separated by SDS-12.5% PAGE. Proteins were transferred to nitrocellulose, and Crkl protein was detected with Crkl antiserum (␣Crkl). WT, wild type. VOL. 18, 1998 STRUCTURAL REQUIREMENTS FOR Crkl FUNCTION 5087 gration (17), consistent with a more general role of the Crk family of adapters in regulating cell adhesion, morphology, and migration. It is of interest that cells from CML patients, which contain a high fraction of phosphorylated Crkl, show integrinmediated defects in adhesion to bone marrow stroma (5, 16, 48) , whereas murine hematopoietic cells reconstituted with Bcr-Abl show increased adhesion to purified extracellular matrix proteins such as fibronectin (3) . A mechanistic explanation for these apparently paradoxical results will require further study, with a particular focus on the differences between adhesion to stromal cells and that to purified extracellular matrix components. The structure-function studies of Crkl demonstrate that the SH2 domain and both SH3 domains are required for biological activity. As discussed above, the requirement for the SH2-mediated binding to focal adhesion proteins such as paxillin, Cas, and Hef1 is consistent with the adhesion phenotype in hematopoietic cells. The requirement of the N-terminal SH3 domain for Crkl function highlights the importance of interactions with tyrosine kinases such as c-Abl and Bcr-Abl and with guanine nucleotide exchange factors such as SOS and C3G (13) . Fibroblast transformation by Crkl has previously been shown to require Ras, so it is not surprising that interference with the ability of Crkl to interact with SOS blocks Crkl activity. The fact that Crkl also requires the C-terminal SH3 domain for function is unexpected. In the context of c-Crk, this SH3 domain plays an inhibitory role, since the truncated isoform containing a single SH2 domain and a single SH3 domain (c-Crk I) is transforming, while the full-length protein (c-Crk II) is not (21) . To date, there are no known binding partners for this domain as determined from studies of c-Crk or Crkl, but our results suggest that these proteins are important for Crkl function.
Phosphorylation of Crkl is associated with transformation by Bcr-Abl (23, 25, 44) and growth stimulation by cytokines; therefore, a better understanding of the regulation of Crkl by phosphorylation is essential to elucidate its role in these pathways. Previous work demonstrated that residue Y207 in Crkl is phosphorylated by Bcr-Abl (9). Here we show that Crkl is phosphorylated on multiple tyrosine residues and that Y207 is required for higher-order phosphorylation. Surprisingly, we find that mutation of Y207 enhances Crkl function as measured by complex formation with paxillin and activation of downstream signaling pathways. The Y207F mutation also enhanced fibroblast transformation by Crkl, but we failed to see a significant increase in adhesion in hematopoietic cells expressing Y207F over that observed with wild-type Crkl (40a). The reason for distinct responses to Y207F in these cell types is under further investigation but may relate to higher levels of activation when wild-type Crkl is overexpressed in hematopoietic cells versus fibroblasts. Indeed, the fraction of paxillin found in complexes with overexpressed wild-type Crkl is not significantly enhanced by the Y207F mutation in hematopoietic cells (40a) . Further activation of Crkl in these cells by mutation of Y207 may not be possible because factors which normally downregulate Crkl function in fibroblasts (i.e., phosphatases that target Y207) may be less active in hematopoietic cells.
How might phosphorylation of Y207 inhibit Crkl function? One possibility is recruitment of an inhibitory molecule. Based on similarities between Y207 in Crkl and Y221 in c-Crk (12), a strong candidate for this inhibitory molecule is the SH2 domain of Crkl itself, which would create an intramolecular interaction and prevent binding to other SH2 binding proteins such as paxillin. While attractive, this model presents an apparent paradox since phosphorylation of Crkl, while leading to an SH2 interaction at Y207 that prevents potential binding of the SH2 domain to other proteins, also leads to binding of the same SH2 domain to phosphotyrosine proteins such as paxillin in cells expressing Bcr-Abl. One resolution of this paradox is that Crkl phosphorylation at residues in addition to Y207 alters the structure of Crkl and allows the SH2 domain access to other proteins. It will be necessary to identify and characterize these secondary phosphorylation sites based on the phosphopeptide mapping data to further address these issues. The details of this regulation have important consequences for un-derstanding aspects of signal transduction by adapter proteins in normal and leukemic cells.
